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Abstract: Wind erosion in arid and semi-arid areas is an important global 34 
environmental issue, and changes in wind speed trends over time play a key role in 35 
wind erosion dynamics. In a warming climate, scientists have recently observed a 36 
widespread decline in wind speed, termed “stilling”. Here, we apply the Revised Wind 37 
Erosion Equation Model (RWEQ) to simulate the variability of wind erosion and 38 
quantify the impact of wind speed changes on soil degradation dynamics over the 39 
eastern agro-pastoral transitional zone of Northern China from 1982 to 2016. Our 40 




) of 41 
near-surface wind speed was observed annually, with significant declining trends in 42 
spring (-0.010 m s
-1
 year
-1）and autumn (-0.009 m s-1 year-1). At the same time, wind 43 





, p<0.05; affecting 99.8% of the study region), with significant 45 









). Further, we isolate the effects of wind variability on 47 
wind erosion from 1982 to 2016 by the model variable control method. This shows 48 





(p<0.05) annually, with the strongest stilling recorded in spring leading to major 50 




, p<0.05). Meanwhile, the 51 





, p<0.10). To summarize, our findings have shown a significant impact 53 
of wind stilling on the decline of soil erosion rates in Northern China.   54 
 55 
Keywords: wind erosion; wind stilling; Northern China; Revised Wind Erosion 56 
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 58 
1. Introduction  59 
As the main dynamic force of wind erosion, near-surface winds strongly impact 60 
erosion by displacing or removing topsoil from the land surface (Pi et al., 2017; Tegen 61 
et al., 1996). Under changing climatic conditions, an observed average near-surface 62 




 globally has been reported since 63 
the 1960s (McVicar et al., 2012). This slowdown of wind speed was first termed 64 
“stilling” by Roderick et al. (2007). Many studies have reported similar declines in 65 
terrestrial wind speed across the world, especially in the mid-latitudes (Pirazzoli et al., 66 
2003; McVicar et al., 2008; Azorin-Molina et al., 2016; to name but a few). Overall, 67 
for China, near-surface wind speed has shown a downward trend in recent decades 68 
(e.g., Guo et al., 2011; Lin et al., 2013), with the most significant decline in Northern 69 
China (Shi et al., 2015). 70 
The decline of wind speed in recent decades is, in principle, helpful to alleviate soil 71 
wind erosion in Northern China, and the rapid warming in the mid-latitudes of the 72 
Northern hemisphere (IPCC, 2013), including the agro-pastoral transitional zone of 73 
Northern China, may further enhance evaporation. Further, there has been less 74 
precipitation in Northern China over the past 50 years, which may have caused more 75 
frequent and severe droughts in the agro-pastoral transitional zone of North China 76 
(Huang et al., 2017). Drought is not conductive to the growth of surface vegetation as 77 
it reduces soil moisture content and weakens soil erosion resistance. Furthermore, 78 
anthropogenic activities impact the natural environment (Halpern et al., 2008). 79 
Particularly, China's rapid urbanization in recent decades (Bai et al., 2014) has 80 
enhanced such activities (i.e., over-farming, land cover changes, etc.), thus making the 81 
soil more prone to wind erosion (Zhou et al., 2015).  82 
Wind erosion represents a key environmental issue across the world (Van Pelt et al., 83 
2004; Zhang et al., 2011; Borrelli et al., 2016), especially in arid and semi-arid areas, 84 
e.g., southeast Spain (Segovia et al., 2017), northern China (Zhao et al., 2006), 85 
Argentinean Pampas (Buschiazzo and Zobeck, 2008), and Egypt (Fryrear et al., 2008). 86 
Wind erosion causes the loss of nutrients and organic matter in soil (e.g., Funk and 87 
Reuter, 2008; Yan et al., 2013; Segovia et al., 2017), resulting in decreased soil 88 
fertility and land productivity (e.g., Holmes et al., 2012; Wang and Shao, 2013; Santra 89 
et al., 2017). Comprehensive regional assessments of long-term trends in wind erosion 90 
are difficult because observations are often sparse over space and time. Therefore, 91 
remote sensing data, which cover a large area, have been successfully used to estimate 92 
historical wind erosion (Metternicht et al., 2010; Reiche et al., 2012). Yue et al. (2016) 93 
used vegetation cover data from the Pentax A20 digital camera and TM imagery, 94 
combined with sediment transport rates from field measurements, showing the slightly 95 
increased wind erosion for 1986, 1996, and 2005 in the Mu Us and Yuyang Deserts in 96 
North China. Along with remote sensing data, wind erosion models have been applied 97 
to estimate spatio-temporal change in wind erosion rates. For instance, Borrelli et al. 98 
(2016) applied the Revised Wind Erosion Equation Model (RWEQ) in the arable land 99 
of the European Union, reporting the highest values of soil loss in 2001, 2002, and 100 
2004, Alternatively, Zhang et al. (2017) used the Single-Event Wind Erosion 101 
Evaluation Program (SWEEP) to estimate annual average wind erosion in Kangbao 102 
County, Hebei Province (North China), finding that the SWEEP accurately 103 
reproduced a decrease of wind erosion for 2005-2011 when compared against local 104 
wind erosion observations. 105 
Wind plays a key role in soil-wind erosion processes (Pi et al., 2017). 106 
Furthermore, the warming scenario may intensify aridification in Northern China 107 
(Huang et al., 2016, 2017), including the eastern part of the agro-pastoral transitional 108 
zone of Northern China (EANC). Thus, a better understanding of the impact of 109 
long-term wind speed changes on the variability of soil erosion is of great importance 110 
for many socioeconomic and environmental issues in the agro-pastoral transitional 111 
zone of Northern China. However, a lack of long-term wind erosion observations 112 
makes this difficult. In view of this, the aims of this study are: (i) to simulate the 113 
long-term wind erosion variability by using the RWEQ model in EANC from 1982 to 114 
2016; (ii) to quantify the influence of wind speed variability on wind erosion; and (iii) 115 
to provide some new evidence and insights for future soil wind erosion management 116 
in Northern China. 117 
 118 
2. Study sites 119 
The EANC, located in the southeast of the Mongolian Plateau and northern of the 120 
Loess Plateau (108°–124°E, 38°–49°N), is characterized by annual precipitation 121 
which varies from 250 to 500 mm; serving as irrigation for agriculture and dry 122 
farming over an area of 4.002×105 km
2
 (Wang et al., 1999). Within an overall 123 
temperate continental climate, its climate varies from semi-humid in the east to arid 124 
and semi-arid in the west, mainly controlled by the monsoon and westerly winds. 125 
EANC has a complex terrain with plateaus, deserts (e.g., Kubuqi and Ulanbuh), 126 
sandlands (e.g., Mu Us and Horqin), and mountains (e.g., Great Khingan), with most 127 
of the region (Figure 1) located above 1,000 m a.s.l. (meters above sea level). Typical 128 
of arid and semi-arid regions globally, land cover in EANC varies between forest, 129 
grassland and barren land with sparse vegetation (Cao et al., 2015). Over recent 130 
decades, grassland degradation has been very serious due to the economic interests 131 
closely associated with the excessive consumption of grassland resources (Zhai et al., 132 
2017). The region also has a variety of soil types, including chestnut, aeolian sandy, 133 
and gray-brown desert, and most are vulnerable to wind erosion. With strong 134 
frequently-occurring winds (Jiang et al., 2010), the risk of wind erosion in EANC is 135 
high. Thus, in order to relieve land degradation (i.e., wind erosion) and enhance 136 
ecosystem services, nationwide ecological restoration programs have been 137 
implemented across EANC in recent years (Cao et al., 2011).  138 
3. Data and methods 139 
3.1. Revised Wind Erosion Equation Model (RWEQ) 140 
In this study, we use the RWEQ model to simulate wind erosion (termed as soil 141 
transport) across EANC. This model has been widely applied for regional soil wind 142 
erosion prediction and estimation all over the world (e.g., Visser et al., 2005; Borrelli et 143 
al., 2017; Pi et al., 2017), and close agreement between simulations and field 144 
measurements are found in a number of studies (Buschiazzo and Zobeck, 2008; 145 
Youssef et al., 2012). The soil loss (SL) of the area in RWEQ is the total amount of soil 146 
transport (Eq. 1, 2, 3), and the full description of the RWEQ formulation can be found 147 
in the supplementary material.  148 
Qmax=109.8[MF*EF*SCF*K’*C]                    (1) 149 
                S=150.71(MF*EF*SCF*K’*C)
-0.3711
                    (2) 150 
                       
  
  
     
                                   (3) 151 
where, Qmax is the maximum transfer capacity (in kg m
-1
); S is the length of key land 152 
(in m); SL is soil loss (in kg m
-2
); Z is the calculated distance of downward wind (in m); 153 
MF is the meteorological factor (in kg m
-1
); EF is the soil erodible factor 154 
(dimensionless); SCF is the soil crust factor (dimensionless); K' is the soil roughness 155 
factor (dimensionless); and, C is the vegetation cover factor (dimensionless). 156 
 157 
3.2 Data preparation and preprocessing  158 
The RWEQ model requires the following data to model wind erosion: wind speed (at 159 
~10 m, in m s
-1
), soil moisture (in %), snow depth (in mm), fractional vegetation cover 160 
(in %, FVC), and Digital Elevation Model (in m a.s.l., DEM). We also use air 161 
temperature (in ºC), precipitation (in mm), and dust storm frequency (in days, over an 162 
area bounded between 105ºE - 130ºE and 35ºN - 50ºN) to evaluate climate variability. 163 
Table 1 shows the various sources of data used in this study. Figure 1 displays the 164 
location of the 71 weather stations, with 25 of them within the EANC and 46 of them 165 
covering the surrounding areas; the supporting information in Table S1 describes their 166 
characteristics. Station relocations and anemometer height changes (Wan et al., 2010; 167 
Azorin-Molina et al., 2014), among many other issues, may cause inhomogeneity in the 168 
observed wind speed series. To control quality and homogenize wind speed records, the 169 
R package CLIMATOL version 3.1.1 (http://www.climatol.eu/; last accessed 1 170 
November 2018) is used. This robust homogenization protocol has recently been 171 
applied in wind studies and a description can be found here: e.g., Azorin-Molina et al., 172 
2018; Shi et al., 2019. Wind speeds are interpolated using standard techniques in the 173 
ANUSPLIN package, (Xu and Hutchinson, 2013, 174 
http://fennerschool.anu.edu.au/research/; last accessed 1 November 2018). 175 
As the fractional vegetation cover (FVC) data from the Copernicus Global Land 176 
Service (CGLS) only covers 1999-2016, we chose the Global Inventory Modeling and 177 
Mapping Studies (GIMMS) Normalized Difference Vegetation Index (NDVI) for 178 
1982-1998. Here, the maximum value of the half-month NDVI is used to represent the 179 
monthly NDVI, and then the image binary method (Eq. 4) is applied to calculate the 180 
monthly FVC (Gong et al., 2014): 181 
            VC = (NDVI-         /        -        )              (4) 182 
Further, a polynomial function is applied between FVC calculated by NDVI and FVC 183 
from CGLS during the common period (i.e., 1999-2006), and the FVC is adjusted for 184 
1982-1998. Moreover, to be congruent with the spatial resolution of the FVC, all the 185 
monthly data applied in the RWEQ model are resampled into 1 km × 1 km resolution.  186 
3.3 Statistical methods 187 




) and soil 188 




) from 1982 to 189 
2016 using the Sen’s slope method (Gilbert, 1987). This involves 5-year moving 190 
average series, considering the disturbance of periodic vibration to the original series 191 
(Shi et al., 2014). We use the non-parametric correlation coefficient of 192 
Mann–Kendall’s tau-b (Kendall and Gibbons, 1990) for assessing the statistical 193 
significance of linear trends at different timescales, namely annual and seasonal, at 194 
three p-level thresholds, (1) significant at p<0.05, (2) significant at p<0.10, and (3) not 195 
significant at p<0.10. Moreover, we use a Gaussian low-pass filter of 11 years to 196 
determine the decadal changes. We adopt the conventional definition of the four 197 
seasons: winter (December–February; DJF), spring (March–May; MAM), summer 198 
(June–August; JJA), and autumn (September–November; SON). For determining if 199 
and when a change (i.e., break-point year) occurred, we apply the effective and 200 
powerful change-point analysis (Gavit et al., 2009). Moreover, we compute the 201 
Pearson’s correlation coefficient (r) between SLWE and dust storm frequency at the 202 
above three p-level thresholds to validate SLWE from RWEQ.  203 
  We divide the annual SLWE into six categories according to the Chinese industrial 204 
standard of Classification Standard of Soil Erosion (MWRPRC, 2008) as follows: 205 
mired wind erosion for 0-2 t ha
-2
, mild wind erosion for 2-25 t ha
-2
, moderate wind 206 
erosion for 25-50 t ha
-2
, strong wind erosion for 50-80 t ha
-2
, very strong wind erosion 207 
for 80-150 t ha
-2
, and fierce wind erosion for more than 150 t ha
-2
. To isolate the 208 
influence of wind stilling on erosion estimates, we use the RWEQ model to compute 209 
the experimental soil loss from wind erosion (ESLWE) from 1982 to 2016, while the 210 
wind speed is fixed at its 1982 value. The difference between SLWE and ESLWE 211 
(SLWED) should reflect the potential influence of wind speed changes on wind 212 
erosion in corresponding timescales in every pixel as follows: 213 
                       SLWED= SLWE- ESLWE                      (5) 214 
 215 
4. Results 216 
4.1 Near-surface wind speed trends: Observed wind stilling  217 
Figure 2 displays the annual and seasonal variability of wind speed across EANC 218 





; p<0.05), while a recovery of wind speed is observed for the last decade, as a 220 
statistically significant (p<0.05) change-point occurred in 2004. Seasonally, a strong 221 




; p<0.01) in spring, and a significant 222 




; p<0.05). 223 





; p<0.05). For winter, wind speed exhibits a weak and non-significant (p>0.10) 225 




). It is worth noting that there was a recovery of wind 226 
speed in the last couple of decades, with significant change points detected in 2005 227 
(p<0.05) and 2003 (p<0.10), respectively. Meanwhile, spring and autumn experience 228 
early significant (p<0.05) recoveries in 1992 and 1998, respectively.  229 
Figure 3 shows the annual and seasonal spatial distribution of wind speed trends 230 
across EANC from 1982 to 2016. Annually, declining trends dominate (99.2%; 15.8 % 231 
significant at p<0.05), with the strongest declining trends located in the most southern 232 
parts; e.g., Khorchin Sandy Land and Hunshadake Sandy Land. The weakest 233 
declining trends are also found in the South. Seasonally, this decreasing trend pattern 234 
dominates, particularly in autumn (98.6 %; 32.1% significant at p<0.05) and spring 235 





. Meanwhile, the summer exerts the highest percentages of increasing wind 237 
speed trends (57.1%; 3.6% significant at p<0.05), mostly occurring over the central 238 
and eastern parts of EANC. This is followed by winter (35.1%; 3.1% significant at 239 
p<0.05). 240 
4.2. Changes in soil loss from wind erosion  241 
 Figure 4 shows the annual and seasonal long-term variability of SLWE over EANC 242 
from 1982 to 2016. Annually, the 11-year Gaussian low-pass filter uncovers three 243 
phases in the multi-decadal variability of SLWE across EANC: two decreasing 244 
periods from 1982-1998 and 2002-2016, and a sudden recovery from 1999 to 2001. 245 




; p<0.05). Seasonal 246 
statistics reveal a temporal dynamic behavior in the magnitude and statistical 247 
significance of the trends throughout the year. Spring exhibits an overall decline of 248 




; p<0.01), and a similar sudden recovery detected from 249 
1999-2001 compared to the annual line. For the remaining seasons, SLWE shows 250 




; p<0.05) and 251 




; p<0.05), while winter experiences the decreasing trend to a 252 




; p<0.05). More specifically, declining trends for all 253 
three seasons are more consistent, and SLWE does not show a sudden recovery 254 
compare to spring or annual line. 255 
 256 
Figure 5 shows the spatial distribution of average simulated SLWE with the RWEQ 257 
across EANC from 1982 to 2016 at annual and seasonal scales. Table 2 summarizes 258 









, 22.1%), and very 260 









(15.7%). Lastly, the proportion of the last two categories is found below 262 








, 1.7%) wind 263 
erosion. Overall, wind erosion intensity above strong is primarily recorded over the 264 
southwestern and eastern part of EANC; e.g., those desert areas with low vegetation 265 
cover which are more exposed to strong winds. Meanwhile, wind erosion intensity 266 
below strong is mostly present in the southern and northern parts. Seasonally, wind 267 




, 64.7%) dominates in spring. This 268 
is mostly located in southern and northern parts. Meanwhile, the fierce and very 269 





, 35.3%). Similarly, wind erosion intensity in most areas (>50%) is 271 
below moderate for the remaining seasons, whereas wind erosion intensity above 272 













, 3.9%). 274 
 275 
Figure 6 shows the annual and seasonal spatial distribution of SLWE trends across 276 
EANC from 1982 to 2016, and Table 3 displays the relative changes in areas (%), 277 
reporting positive and negative (and significant) trends. Annually, a consistent 278 
decreasing trend of SLWE is detected, with all of the areas showing decreasing trends 279 
(99.8% significant at p<0.05). The strong magnitude of trends mostly occurs over the 280 
northern, central, and southwestern parts (e.g., Khorchin Sandy Land, Hunshadake 281 
Sandy Land). Seasonally, there is a similar spatial pattern in spring compared to the 282 
annual one, with the highest magnitude of negative trend in SLWE (99.9%; 98.9% 283 
significant at p<0.05). In contrast, only 0.1% of the area shows increasing trends in 284 
SLWE (not significant at p<0.1), mainly located in the southern parts. Moreover, the 285 
dominated spatial distribution of the decreasing trend of SLWE is detected in summer 286 
(99.4%; 95.9% significant at p<0.05) and autumn (100%; 100% significant at p<0.05), 287 
with the markedly decreasing magnitude of trend in SLWE from west to east. Lastly, 288 
winter exhibits the highest relative percentage of increasing SLWE (3.85%; 3.2% 289 
significant at p<0.05) mostly in the western part, and a clear decreasing trend of 290 
SLWE is detected in other parts (96.2%; 86.6 % significant at p<0.05), particularly in 291 
the southwest. 292 
4.3. Validation of RWEQ appropriateness  293 
  Accessing the reliability of the simulated SLWE based on the RWEQ is not easy 294 
because of a lack of long-term observed wind erosion data. Therefore, we use the 295 
observed dust storm frequency data to evaluate the reliability of SLWE simulated by 296 
RWEQ. This is because the dust storm particles in the atmosphere are mainly derived 297 
from surface wind erosion, which determines the intensity and frequency of the dust 298 
storm. Figure 7 displays the annual and seasonal relationship between SLWE and dust 299 
storm frequency from 1982 to 2007. Annually, the dust storm frequency is consistent 300 
with the change of SLWE; that is, the dust storm frequency increases with the increase 301 
of the SLWE, with a significant correlation coefficient of 0.72 (p<0.05). Seasonally, a 302 
statistically significant relationship (p<0.05) is found between dust storm frequency 303 
and SLWE in spring (0.67) and summer (0.60). While a less statistically significant 304 
relationship (p<0.10) is detected in autumn (0.34), and the relationship between 305 
SLWE and dust storm frequency is very weak in winter (0.23, p>0.10)). As a whole, 306 
we find a statistically significant relationship between SLWE and dust storm 307 
frequency in different timescales, demonstrating that the simulated SLWE change can 308 
reveal the real variability of wind erosion across EANC.  309 
 310 
4.5. Influence of wind stilling on wind erosion  311 
  The potential influence of wind speed changes on wind erosion is reflected by the 312 
difference between SLWE and ESLWE, which is shown in Figure 8. Annually, 313 
ESLWE is higher than SLWE by 300 t ha
-2 
over the whole period. SLWED 314 




(p<0.01). Seasonally, the biggest gap 315 
(150 t ha
-2
) between ESLWE and SLWE is found in spring, followed by summer (100 316 
t ha
-2
), winter (30 t ha
-2
), and autumn (20 t ha
-2
). Moreover, a significant decreasing 317 













; p<0.05). Meanwhile, a slighter 319 





Figure 9 displays the distribution of SLWED. Annually, SLWED has decreasing 321 
trends in most areas (97%; 93.9% significant at p<0.05) over EANC, with the highest 322 
magnitude of the decreasing trend found in the central and southwestern parts of the 323 
region (e.g., Khorchin Sandy Land and Hunshadake Sandy Land). Meanwhile, weak 324 
decreasing trends are found in the northern and southern parts. Seasonally, the highest 325 
percentage of area (95.3%; 90.1% significant at p<0.05) with a decreasing trend of 326 
SLWED is detected in winter, with the trend shifting from south to north. Spring 327 
witnesses the decreasing trends of SLWED in the southwest and northeast (75.6 %; 328 
53.6 % significant at p<0.05), and increasing trends are detected in the central part. 329 
Moreover, the other seasons exhibit a high percentage of area, with increasing trends 330 
of SLWED compared to spring and winter, particularly in summer with more than half 331 
of the area (86.3%; 88.6% significant at p<0.05), followed by autumn (39.3%; 43.8 % 332 
significant at p<0.05)，mainly located in central and southern parts. 333 
5. Discussion 334 
The spatio-temporal variability of wind erosion is controlled by different drivers 335 
such as vegetation cover changes, precipitation, and wind stilling, among others. In a 336 
changing climate, the study of global wind erosion trends is quite complex and 337 
uncertainties arise from different sources. Therefore, more detailed regional studies 338 
are needed to better understand this phenomenon. For instance, Zhang et al. (2018) 339 
estimated that climate change (e.g., wind speed variability) can explain 40.72% of the 340 
decline of wind erosion in Inner Mongolia, China from1990 to 2015. In this paper, our 341 
results show significant (p<0.05) decreasing trends of SLWE at annual and seasonal 342 
scales in EANC from 1982 to 2016, which is consistent with the decline of wind 343 
erosion reported for the neighboring area, e.g., Xilingol league (Gong et al., 2014) and 344 
Ningxia–Inner Mongolia reach of the Yellow River (Du et al., 2017). We also find 345 
differences among seasons, with SLWE decline particularly strong in spring and of 346 
less magnitude in other seasons. More interestingly, we find a rebound of wind 347 
erosion around the year 2001 for annual and spring results. This finding is supported 348 
by other studies that report strong spring dust storms occurring in North China in the 349 
early 2000s (e.g., Zhuang et al., 2001; Zhang et al., 2005).  350 
Wind stilling has been confirmed by many recent studies (McVicar et al., 2008; 351 
Azorin-Molina et al., 2016; to name but a few). As a whole, annual and seasonal wind 352 
speeds show a declining trend across EANC from 1982 to 2016, with varying 353 
magnitudes. All these changes in wind speed directly affect wind erosion, thus the 354 
reduction of wind erosion rates can be partly attributed to the observed slowdown of 355 
surface winds for 1982-2016. Zhang et al. (2017) applied wind tunnel experiments 356 
and numerical modeling, finding that the slowdown of surface winds can significantly 357 
weaken wind erosion under the same land cover. Moreover, the negligible recovery of 358 
wind speed detected in EANC in the last decade is in agreement with some previous 359 
studies (Kim and Paik 2015; Azorin-Molina et al., 2018), which also support the low 360 
wind erosion in EANC estimated for the same period. Furthermore, we quantify the 361 
impacts of surface wind variability on SLWE in our target region, showing that 362 
surface wind speed causes the strong decrease of SLWE at annual and seasonal 363 
timescales, except for summer when an increase of SLWED is detected; this can 364 
partly be explained by the large area of increasing wind speed trends occurring in 365 
summer. Positive wind speed trends in summer have been also detected in some other 366 
mid-latitude regions such as Spain and Portugal (Azorin-Molina et al., 2014).  367 
Wind erosion is the main particle source of dust storms (Zou and Zhai, 2004; 368 
Kurosaki et al., 2011; Avecilla et al., 2017). Therefore, we use dust storm frequency in 369 
northern China to verify the simulated soil wind erosion, finding that the average 370 
SLWE and dust storm frequency are positively and significantly correlated at annual 371 
and seasonal timescales, except for winter. This might be associated with the lowest 372 
seasonal wind erosion frequency and intensity in winter and the fact that snow cover 373 
inhibits dust storms (Lee and Kim, 2012). In fact, many studies have shown the sharp 374 
reduction of dust storm frequency over northern China in the past few decades (e.g., 375 
Song et al., 2016; Wang et al., 2017), which might be related to the dramatic decrease 376 
of wind erosion. This is confirmed by the weakened soil wind erosion shown here. 377 
In this study, we only analyze the influence of wind speed changes on wind erosion. 378 
However, vegetation is also a key factor contributing to wind erosion (Miao et al., 379 
2012; Mezősi et al., 2015) as it can reduce surface soil exposure and tackle the soil 380 
particles. Munson et al. (2011) found that the declining vegetation cover in the 381 
Colorado Plateau (United States) strongly increased the wind erosion rates over a 382 
20-year monitoring period. Borrelli et al. (2017) showed that the potential soil loss 383 
under permanent bare soil conditions is 22 times higher than the soil loss under 384 
vegetation cover in arable lands in the European Union for 2001–2010. Figure 10a 385 
displays the increasing trend (+0.14 % a
-1
, p<0.01) of fractional vegetation cover in 386 
the EANC for 1982-2016, in accordance with the vegetation greening observed in 387 
northern China during recent decades (Guo et al., 2013; Piao et al., 2015). 388 
Nevertheless, a decrease of vegetation cover occurred at the end of the 1990s, which 389 
could partly explain the sudden enhanced SLWE around the 2000s. In fact, air 390 
temperature (+0.03℃ a-1, p<0.01, Figure.10b) and precipitation (+0.85 mm a-1, 391 
p>0.10, Figure.10c) increased very quickly from 1982 to 2016, indicating warming 392 
and wetting across EANC. These changes contributed to the growth of vegetation in 393 
the region (He et al., 2015; Ren et al., 2018). Further, a full understanding of the 394 
factor with the greater influence – i.e., vegetation cover or wind speeds – is needed as 395 
increased vegetation can enhance surface roughness/sheltering, thus raising the 396 
transport thresholds of wind erosion (Zhang et al., 2017) and weakening surface wind 397 
speed (Vautard et al., 2010). Thus, more research is needed to reveal the physical 398 
causes behind the unexpected wind erosion decreases of varied vegetation cover and 399 
wind stilling, combined with real observations. 400 
  Given the wide decline of global near-surface wind speed highlighted by, e.g., 401 
McVicar et al. (2012), and the significant impact of wind slowdown in the decreasing 402 
wind erosion rates observed across EANC from 1982-2016, our results suggest that 403 
weakened wind speed occurring in other regions of the world can relieve soil 404 
degradation in arid and semi-arid land areas; e.g., Sahel and southwest United States. 405 
Further research quantifying the impact of wind stilling on wind erosion for other 406 
regions is strongly needed. Moreover, the results obtained by modelling wind erosion 407 
and dust storm frequency support the application of the same approach for future wind 408 
erosion research in other regions. These kind of studies can also help policy-makers 409 
take more effective action for ecological conservation (Chen et al., 2017; Zhou et al., 410 
2018) and ecosystem services (Zhao et al., 2015), as well as provide a way to 411 
comprehensively assess how wind erosion processes affect the soil organic carbon 412 
content (Lugato et al., 2016) and their economic losses (Riksen & De Graaff, 2001).  413 
6. Conclusion  414 
To summarize, the main findings are as follows: 415 
1. Wind stilling was observed in EANC, as the annual average wind speed 416 




, p<0.05) from 1982 to 2016, displaying a 417 










, p>0.10). 420 
2. The simulations show that areas of wind erosion intensity above strong 421 
dominated EANC by occupying 69.5% of the territory. The annual simulated SLWE 422 




, p<0.05) from 1982 to 2016, with 423 
99.8% of EANC showing a significant (p<0.05) weakening. Seasonally, a negative 424 









).   426 
3. Statistical analyses also estimate the direct impact of observed wind speed 427 
variability on soil erosion, finding that wind stilling strongly weakened wind erosion 428 
rates across EANC from 1982 to 2016. SLWE due to wind speed variability was 429 




 (p<0.05). Seasonally, the strongest stilling recorded 430 




, p<0.05), whereas the 431 
weakest stilling found in summer had the opposite influence with a slight increase of 432 




, p<0.10). 433 
 434 
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Table captions 711 






Time period Data source 
Wind speed 3-hour N/A 1982-2016 
 National Oceanic and Atmospheric Administration of the United 
States (NOAA, http://cdc.cma.gov.cn/; last accessed 1 November 
2018) 
Soil moisture Daily 
0.25º latitude x 
longitude 
1982-2016 
European Space Agency (ESA, 
http://www.esa-soilmoisture-cci.org/; last accessed 1 November  
2018) 
Snow depth  Daily 25km 1982-2016 
Western China Environmental and Ecological Science Data Center 
(WCEEC, http://westdc.westgis.ac.cn/; last accessed 1 November  
2018) 
Fractional vegetation cover Daily 1km 1999-2016 
Copernicus Global Land Service 
(CGLS,https://land.copernicus.eu/global/; last accessed 1 
November  2018)  
Normalized Difference Vegetation 
Index  
Daily 8km 1982-2006 
Environmental and Ecological Science Data Center for West China 
(http://westdc.westgis.ac.cn/data/; last accessed 1 November  
2018) 
Air temperature Daily 
0.5º latitude x 
longitude 
1982-2016 
Climatic Research Unit of the University of East Anglia 
(CRU,http://www.cru.uea.ac.uk/; last accessed 1 November  2018)  
Dust storm frequency Daily N/A 1982-2007 
China Meteorological Administration (CMA,http://data.cma.cn/; 
last accessed 1 November  2018) 
Precipitation Daily 
0.5º latitude x 
longitude 
1982-2016 
China Meteorological Administration (CMA,http://data.cma.cn/; 
last accessed 1 November  2018) 
 713 
Table 2. Area (in km
2
) and proportion (in %) of annual and seasonal SLWE (in t ha
-2
) across EANC from1982 to 2016. 714 
Wind erosion 
intensity 
SLWE        






















mired  0 - 2 0.9 1.7 7.21 13.4 0.94 1.7 12.3 22.9 2.63 4.9 
mild 2 - 25 4.52 8.4 30.79 57.4 10.67 19.9 30.13 56.2 36.98 68.9 
moderate  25 - 50 11.88 22.1 9.99 18.6 14.12 26.3 6.68 12.4 9.17 17.1 
strong 50 - 80 8.42 15.7 3.57 6.7 8.99 16.8 2.28 4.2 2.29 4.3 
very strong 80 -150 10.93 20.4 2.03 3.8 10.77 20.1 1.34 2.5 0.86 1.6 
 fierce > 150 17 31.7 0.04 0.1 8.17 15.2 0.92 1.7 1.72 3.2 
 715 
Table 3. Relative percentage (in %) of areas with significant (at p<0.05 and p<0.10) 716 
and non-significant (at p>0.10) negative and positive trends of annual and seasonal 717 
SLWE across EANCfrom1982 to 2016. 718 














Annual 0.0 0.0 0.0 0.0 100 99.8 99.9 0.1 
Winter 3.8 3.2 6.7 93.3 96.2 86.6 89.4 10.6 
Spring 0.1 0.0 0.0 100 99.9 98.9 99.2 0.8 
Summer 0.6 4.0 11.9 88.1 99.4 95.9 96.9 3.1 
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1 Huma 51.72 126.65 178 Heilongjiang Plain 
2 Heihe 50.25 127.45 167 Heilongjiang Plain 
3 Hailar 49.22 119.75 613 
Inner 
Mongolia Mountain 
4 Xiaoergou 49.20 123.72 287 
Inner 
Mongolia Mountain 
5 Nenjiang 49.17 125.23 243 Heilongjiang Plain 
6 Sunwu 49.43 127.35 235 Heilongjiang Plain 
7 Borktu 48.77 121.92 742 
Inner 
Mongolia Mountain 
8 Keshan 48.05 125.88 236 Heilongjiang Plain 
9 Oer mountain 47.17 119.95 1028 
Inner 
Mongolia Mountain 
10 Qiqihar 47.38 123.92 147 Heilongjiang Plain 
11 Helen 47.43 126.97 240 Heilongjiang Plain 
12 Yichun 47.73 128.92 246 Heilongjiang Mountain 
13 Fujin 47.23 131.98 65 Heilongjiang Plain 
14 Tailai 46.40 123.42 151 Heilongjiang Plain 
15 Anda 46.38 125.32 150 Heilongjiang Plain 
16 Baoqing 46.32 132.18 84 Heilongjiang Plain 





Guoerluo 45.12 124.83 138 Jilin Plain 
19 Harbin 45.75 126.77 143 Heilongjiang Plain 
20 Tong river 45.97 128.73 110 Heilongjiang Plain 
21 Fashion view 45.22 127.97 191 Heilongjiang Plain 
22 Jixi 45.28 130.95 238 Heilongjiang Plain 
23 O ba ga flag 44.02 114.95 1128 
Inner 
Mongolia Plateau 
24 Zhu Ri and 42.40 112.90 1152 
Inner 
Mongolia Plateau 
25 Middle Wulate 41.57 108.52 1290 
Inner 
Mongolia Plateau 
26 Daerhanmao 41.70 110.43 1377 
Inner 
Mongolia Plateau 
27 Huade 41.90 114.00 1485 
Inner 
Mongolia Plateau 
28 Hohhot 40.82 111.68 1065 
Inner 
Mongolia Plateau 
29 Jining 41.03 113.07 1422 
Inner 
Mongolia Plateau 
30 Datong 40.10 113.33 1069 Shanxi Plateau 
31 Otog Banne 39.10 107.98 1381 Inner Plateau 
Mongolia 
32 Dongsheng 39.83 109.98 1459 
Inner 
Mongolia Plateau 
33 Hequ 39.38 111.15 862 Shanxi Mountain 
34 Wutai mountain 39.03 113.53 2898 Shanxi Mountain 
35 Yu county 39.83 114.57 910 hebei Mountain 
36 Yulin 38.23 109.70 1059 Shaanxi Mountain 
37 Yuamping 38.73 112.72 828 Shaanxi Mountain 
38 Shijiazhuang 38.03 114.42 81 Hebei Plain 
39 Lishi 37.50 111.10 951 Shanxi Mountain 
40 Taiyuan 37.78 112.55 780 Shanxi Mountain 
41 Jiexiu 37.03 111.92 746 Shanxi Mountain 
42 West wuzhumu 44.58 117.60 997 
Inner 
Mongolia Mountain 
43 Jarud Banne 44.57 120.90 266 
Inner 
Mongolia Plain 
44 Bahrain left Banne 43.98 119.40 486 
Inner 
Mongolia Mountain 
45 Changling 44.25 123.97 190 Jilin Plain 
46 Mudanjiang 44.57 129.60 243 Heilongjiang Plain 
47 Xilinhaote 43.95 116.07 991 
Inner 
Mongolia Plateau 
48 Linxi 43.60 118.07 800 
Inner 
Mongolia Plateau 
49 Kailu 43.60 121.28 242 
Inner 
Mongolia Plain 
50 Siping 43.18 124.33 165 Jilin Plain 
51 Changchun 43.90 125.22 239 Jilin Plain 
52 Dunhua 43.37 128.20 526 Jilin Plain 
53 Doren 42.18 116.47 1247 
Inner 
Mongolia Plateau 
54 Chifeng 42.27 118.97 568 
Inner 
Mongolia Plateau 
55 Baoguotu 42.33 120.70 402 
Inner 
Mongolia Montain 
56 Zhangwu 42.42 122.53 84 Liaoning Plain 
57 Qingyuan 42.10 124.92 235 Liaoning Montain 
58 Fengning 41.22 116.63 661 Hebei Montain 
59 Weichang 41.93 117.75 844 Hebei Montain 
60 Chaoyang 41.55 120.45 176 Liaoning Plain 
61 Jinzhou 41.13 121.12 70 Liaoning Coastal 
62 Shenyang 41.20 123.07 45 Liaoning Plain 
63 Zhangjiakou 40.78 114.88 726 Hebei Montain 
64 Huailai 40.40 115.50 542 Hebei Montain 
65 Chengde 40.97 117.93 374 Hebei Montain 
66 Tsing lung 40.40 118.95 229 Hebei Plain 
67 Beijing 39.80 116.47 32 Beijing Plain 
68 Tianjin 39.08 117.07 4 Tianjin Plain 
69 Tangshan 39.67 118.15 29 Hebei Plain 
70 Leting 39.42 118.90 12 Hebei Coastal 
71 Baoding 38.85 115.52 19 Hebei Plain 
 739 
 740 
The full description of the RWEQ formulation. 741 
I. Meteorological factor 742 
The meteorological factor (MF) synthetically reflects the influence of various 743 
meteorological factors on wind erosion. It is expressed as follows: 744 
      
 
 
                              (1) 745 
where,    is the wind factor（in m
3 
s
-3）;   is air density (in kg m-3); g is the 746 
acceleration of gravity (in m s
-2
); SW is the soil moisture factor (dimensionless); SD is 747 
the snow cover factor (dimensionless). 748 
① Wind factor  749 
The wind factor (  ) is shown in Eq.2: 750 
                            
          
  
   
 
                       (2) 751 
where, U2 is the wind speed at 2 m, and the wind profile (Karnauskas et al., 2018) was 752 
used to convert wind speed at 10m to 2m ; Ut is the wind speed threshold, generally 753 
set as 5 m s
-1
;    is the time intervals for wind speed measures, usually about 15 days; 754 
and, N is for wind speed observation frequency. 755 
② Soil moisture factor  756 
The soil moisture factor (   ) is shown in Eq.3: 757 
                                   (3) 758 
where, SW is soil moisture content (0-1). 759 
③ Snow cover factor 760 
The snow cover factor (SD) is shown in Eq.4: 761 
                                           (4) 762 
where, P (Snow depth> 25.4mm) is the probability that the snow cover depth is 763 
greater than 25.4mm in the calculation interval (15 days). 764 
II. Soil erodibility factor 765 
The value of the soil erodibility factor (EF) is calculated by Eq.5. (Fryrear et al., 766 
2000). The actual calculation supposes that the soil erodibility of EANC remains 767 
unchanged during the period. 768 
   
                    
      
  
                 
   
             (5) 769 
where, Sa is the sand grain proportion in the soil (5.5%~93.6%); Si is the proportion 770 
of soil silt (0.5%~69.5%); Sa/Cl is the ratio of soil sand grain and clay (1.2%~53.0%); 771 
Cl is proportion of clay (5.0%~39.3%); and CaCO3 is proportion of calcium carbonate 772 
(0~25.2%). The data in brackets are the range required by the RWEQ.  773 
III. Soil crust factor 774 
The soil crust factor (   ) infers to a layer of special characters on the soil surface, 775 
by the agglutination of soil particles (especially clay, silty, and organic matter) as 776 
shown in Eq. 6: 777 
    
 
                        
                       (6) 778 
 779 
where, cl is proportion of clay (5.0%~39.3%) and OM is proportion of organic matter 780 
(0.32%~4.74%). The data in brackets are the range required by the RWEQ model. 781 
IV. Surface roughness factor 782 
In the RWEQ model, the surface roughness factor (  ), including random 783 
roughness (Crr) and soil roughness (Kr), is calculated as Eq.7: 784 
                   
                               （7） 785 
On a regional scale, the random roughness (Crr) of farming produce was difficult to  786 
estimate. Therefore, soil roughness (Kr) is used instead of topographic roughness, 787 
calculated by the Smith-Carson equation (Li et al., 2006, Mendez et al., 2010) as 788 
shown in Eq.8: 789 
       
     
 
                    
     
（8） 790 
where, Kr is topographic roughness (cm); Crr is the random roughness factor (cm), as 791 
0 in the real calculation; K' is the terrain roughness factor (cm); L is the topographic 792 
fluctuate parameters; and ΔH is the difference of elevation above sea level for the 793 
distance L, the Neighborhood Statistics tool in GIS software was used to calculate the 794 
difference between adjacent cells of DEM data. 795 
V. Vegetation cover factor 796 
The vegetation cover factor is shown in Eq.9: 797 
                                      （9） 798 
where, FVC is fractional vegetation cover (in %).  799 
 800 
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Figure 1. Terrain map of the EANC (black solid line area) showing the complex 
topography and location (for numbers and characteristics see Table S1) of the 71 













Figure 2. Annual and seasonal average wind speed anomaly across EANC from 1982 to 







Figure 3. Annual and seasonal spatial distribution of wind speed trends across EANC from 








Figure 4. Annual and seasonal variability of SLWE across EANC from 1982 to 2016. The 







Figure 5. Spatial distribution of annual and seasonal SLWE across EANC for 1982 to 2016. 
















Figure 6. Spatial distribution of annual and seasonal trends of SLWE across EANC from 






Figure 7. Annual and seasonal relationship between SLWE and dust storm frequency across 
EANC from 1982 to 2007. The linear regression model and fitted curve between SLWE and 




Figure 8. Annual and seasonal SLWED across EANC from 1982 to 2016. The 11-year 















Figure 10. Temporal evolution of annual FVC (a), air temperature (b) and precipitation (c) 
across EANC from 1982 to 2016. The 11-year Gaussian low-pass filter is shown with a solid 
black line. 
 
 
 
 
